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In t roduct ion  

The behavior of o p t i c a l  ma te r i a l s  and compo- 
nents  and systems i n  space i s  of primary i n t e r e s t  t o  
t h e  designers  and use r s  of space borne o p t i c a l  
devices .  Quest ions o f t en  a r i s e ,  a t  a l l  phases of a 
program, i.e.,  design, manufacture and use ,  a s  t o  
what e f f e c t  t h e  environment w i l l  have on a par t icu-  
l a r  element. During t h e  years ,of  space s tud ie s  a 
s u b s t a n t i a l  body of knowledge about t h i s  subjec t  h a s  
been developed. It has  of ten  been d i f f i c u l t  t o  
loca te  t h e  required information t o  answer a quest ion 
about what behavior can be expected. The program 
which i s  being described i n  t h i s  paper i s  an e f f o r t  
t o  c o l l a t e  and codify t h i s  knowledge t o  make it more 
r ead i ly  ava i lab le  t o  those who need it. 

The environment of space i s  not  a s ing le  
def inable  th ing .  Depending on where i n  space one 
in tends  t o  operate t h e r e  may be a v a r i e t y  of atomic 
ions,  o r  a concentrat ion of e l ec t rons ,  o r  trapped 
r ad ia t ion  b e l t s ,  o r  s o l a r  wind and a v a r i e t y  of 
electromagnetic r ad ia t ion ,  and low o r  high tempera- 
t u r e .  There a re  a l s o  environmental components which 
a re  c a r r i e d  with t h e  spacecraf t ,  f o r  example con- 
densible  vapors or  a nuclear  power p l an t .  It may 
or  may no t  be des i r ab le  t o  include t h e  environments 
of manufacturing, t es t ,  prelaunch and launch i n  th i s ;  
discussion.  The ma te r i a l  p rope r t i e s  t h a t  a r e  t o  be 
included a re  t ransmi t tance ,  absorptance] emiss iv i ty ,  
r e f l ec t ance ,  s c a t t e r i n g ,  r e f r a c t i v e  index, disper- 
s ion ,  b i re f r ingence ,  thermal expansion c o e f f i c i e n t .  
Also Young's modulus, hardness,  y i e l d  point  and 
breaking poin t  f o r  a l l  mater ia l s  of i n t e r e s t  f o r  t h e  
t ransmission and r e f l e c t i o n  of r ad ia t ion  i n  space. 
I f  it i s  decided t h a t  photovol ta ic  devices and 
var ious de t ec to r s  should be included, then t h e  
e lectr ic  p rope r t i e s  of these  devices and ma te r i a l s  
must a l s o  be included. The complexity of t h i s  
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Zubject, which i s  i l l u s t r a t e d  by t h e  above remarks, 
i s  one of t h e  reasons t h a t  answers t o  quest ions 
about t h e  behavior of ma te r i a l s  i n  space a re  d i f f i -  
c u l t  t o  f ind .  Another f a c t o r  i s  t h a t  t h e  determi- 
nat ion of what ma te r i a l  w i l l  serve f o r  a s p e c i f i c  
mission i s  o f t e n  a rout ine engineering t a s k  which i s  
fo rgo t t en  a s  soon a s  it i s  accomplished. However, 
t he re  a r e  some notable exceptions t o  t h i s ,  e.g., t h e  
vigorous and e f f e c t i v e  program on spacecraf t  coat- 
ings by t h e  Thermophysics S p e c i a l i s t  Group of A I A A  
and ASTM has  e s t ab l i shed  a s o l i d  and w e l l  publ ic ized 
b a s i s  f o r  choice of ma te r i a l s  and methods of evalu- 
a t i n g  new ma te r i a l s .  

Information c e n t e r  

A program has been e s t ab l i shed  a t  GSFC t o  
c o l l e c t  and i n t e r p r e t  and i n t e r r e l a t e  information 
about o p t i c a l  ma te r i a l s  s u i t a b l e  f o r  u s e  i n  space 
borne systems. The o p t i c a l  p rope r t i e s  l i k e  t r ans -  
mittance and r e f r a c t i v e  index and t h e  o the r  physical  
p rope r t i e s  l i k e  moduli and expansion c o e f f i c i e n t s  
w i l l  be recorded and t h e  e f f e c t  on these  p rope r t i e s  
of exposure t o  t h e  various f a c t o r s  of t h e  use envi- 
ronment w i l l  be determined. In  instances where 
ava i l ab le  pub l i ca t ions  such as  per iodic  l i t e r a t u r e ,  
meeting r e p o r t s ,  and conference proceedings do not 
provide adequate information s t u d i e s  w i l l  be estab- 
l i shed  t o  f i l l  t h e  gaps. This program i s  expected 
t o  produce extensive and adequately c ros s  referenced 
bibl iographies .  I n  addi t ion it i s  planned t h a t  
s eve ra l  summaries o r  pos i t i on  papers w i l l  be issued 
which w i l l  provide comparative information on 
candidate ma te r i a l s  f o r  s p e c i f i c  app l i ca t ions .  It 
i s  intended t h a t  t h e  bulk of t h e  l i t e r a t u r e  research,  
ex t r ac t ion  and compiling of pe r t inen t  information 
and t h e  s t u d i e s  t o  provide new i n f o m a t i o n  w i l l  be 
done under con t r ac t ,  probably with research i n s t i -  
t u t e s  o r  academic departments. I n  t h i s  period of 
shrinking budgets t h i s  program has not competed 
success fu l ly  f o r  funds with some of t h e  more glamor- 
ous i t e m s  l i k e  manned f l i g h t  and o r b i t i n g  observa- 
t o r i e s .  Nonetheless a s m a l l  s t a r t  has been made a s  
an in-house t a s k  and some i n t e r e s t i n g  i t e m s  about 
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mate r i a l s  behavior i n  space o r  i n  simulated space 
environment have been noted. 

a tu re  about r ad ia t ion  e f f e c t s  on o p t i c a l  ma te r i a l s  
( f o r  example, Reference 1) which has  evolved from 
nuclear  s tud ie s  and from s o l i d  s t a t e  physics.  It i s  
usua l ly  time-consuming t o  e x t r a c t  from t h i s  l a rge  
volume of l i t e r a t u r e  information pe r t inen t  t o  a 
p a r t i c u l a r  space appl ica t ion  problem. Bibliogra- 
phies  of ma te r i a l s  d i r e c t l y  r e l a t e d  t o  space appli-  
ca t ions  (Reference 2)  a r e  very h e l p f u l  and more of 
t h e m  a r e  needed. There are  a l s o  some very u s e f u l  
genera l  a r t i c l e s  (References 3 ,  4) which e luc ida te  
t h e  problem areas  and t h e  p r a c t i c a l l y  poss ib le  
so lu t ions .  I n  addi t ion  the re  a re  a number of 
s tud ie s  of more restricted scope which confine t h e i r  
a t t e n t i o n  t o  a c e r t a i n  c l a s s  of ma te r i a l s  o r  a 
s ing le  environmental f ac to r ,  (References 5,6,7,8) o r  
s imi l a r  r e s t r i c t i o n .  Information i n  t h i s  form i s  
t h e  e a s i e s t  t o  use,  provided t h a t  the circumstances 
involved i n  t h e  engineering appl ica t ion  f a l l  wi th in  
t h e  scope of t h e  study. There a re  a'lso two hand- 
books (References 9 ,  10) which provide guidance f o r  
the use of o p t i c a l  mater ia l s  i n  space. 

but  a small  f r a c t i o n  of t h e  ava i lab le  and des i r ab le  
information has  been co l l ec t ed ,  t o  draw conclusions 
o r  t o  summarize. However the re  a r e  one o r  two i t e m s  
which might be mentioned b r i e f l y .  One i s  t h a t  
r e f l e c t i n g  sur faces  appear . t o  endure t h e  space 
environment very w e l l .  Canfield,  Hass and Waylonis 
(Reference 11) showed t h a t  aluminum mir rors  over- 
coated with magnesium f luo r ide  w i l l  s tand years  of 
space exposure without loss of r e f l ec t ance .  Pittman, 
e t  a 1  (Reference 7) and Gunter, e t  a1 (Reference 1 2 )  
have observed t h a t  d i f f r a c t i o n  g ra t ings ,  both o r ig i -  
n a l  ru l ings  and r e p l i c a s ,  show only very small  
adverse e f f e c t s  of exposure t o  a simulated space 
environment. The ch ief  haFard t o  r e f l e c t i n g  sur- 
faces  seems t o  be contamination by depos i t s  of con- 
densible  mater ia l s .  Gunter a l s o  found t h a t  some 
mir ror  subs t r a t e  ma te r i a l s  a r e  better than o thers  i n  
r e s i s t i n g  change of o p t i c a l  f i gu re  a t  high doses of 
e l ec t rons .  Among fused quar tz ,  Pyrex, b o r o s i l i c a t e  
crown g la s s ,  syn the t i c  fused s i l i c a ,  and Cerv i t ,  t h e  

There i s  a very extensive and well-known liter- 

It would not be appropriate  a t  t h i s  t i m e  when 
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s f i t h e t i c  fused s i l i c a  re ta ined  i t s  shape best and 
a l s o  showed l e a s t  d i sco lora t ion  due t o  the i r r ad ia -  
t i o n .  Another i t e m  of i n t e r e s t  i s  the study of 
changes of r e f r a c t i v e  index of o p t i c a l  g l a s s  due t o  
gamma rays (Reference 13) and e l ec t rons  (Reference 
14 ) .  Malitson, e t  a 1  observed s u b s t a n t i a l  changes 
i n  r e f r a c t i v e  index, a s  much a s  a few p a r t s  i n  the 
four th  decimal place due t o  i r r a d i a t i o n s .  The 
r e f r a c t i v e  index showed continuing i n s t a b i l i t y  f o r  
long per iods a f t e r  the i r r a d i a t i o n .  unfortunately 
t h i s  study w a s  l e f t  incomplete due t o  lack  of funds. 
A t h i r d  i t e m  t h a t  might be mentioned i s  the conclu- 
s ion reached by Heath and Sacher (Reference 6) t h a t  
magnesium f 1uori.de , barium f luo r ide  and syn the t i c  
sapphire w i l l  provide t h e  most s t a b l e  high t rans-  
mittance f o r  u l t r a v i o l e t  wavelengths. These are but  
a few of t h e  i n t e r e s t i n g  b i t s  of information about 
t h e  behavior of o p t i c a l  ma te r i a l s  i n  space. They 
serve t o  i l l u s t r a t e  t h a t  many use fu l  and sometimes 
unexpected r e s u l t s  have appeared i n  t h e  l i t e r a t u r e .  
Perhaps t h e  above few paragraphs may serve t o  in t ro-  
duce the l i t e r a t u r e  search and organizat ion of 
information which is  planned. I would l i k e  now t o  
descr ibe a modest in-house laboratory program which 
i s  being u n d e r t a k e n t o  provide information i n  an 
area which s e e m s  no t  t o  be w e l l  covered elsewhere. 

An Experiment 

13,14 Malitson, Dodge and Gonshery have reported 
on the e f f e c t s  of pene t ra t ing  rad ia t ion  on t h e  
r e f r a c t i v e  index of some o p t i c a l  g lasses .  Gunter, 
e t  a l l 2 ) ,  have observed changes i n  o p t i c a l  f i gu re  of 
d i f f r a c t i o n  g ra t ings  and their  subs t r a t e  ma te r i a l  
due t o  doses of 1 MEV e lec t rons .  It s e e m s  t h a t  it 
would be i n t e r e s t i n g  and u s e f u l  t o  know a t  what r a t e  
these  changes occur during exposure t o  the r ad ia t ion  
environment and whether t h e  changes i n  r e f r a c t i v e  
index and f igu re  exh ib i t  any rapid increases  o r  
decreases when t h e  r ad ia t ion  f i e l d  i s  removed. I n  
order  t o  provide the required information a system 
has  been b u i l t  which permits continuous measurement 
of r e f r a c t i v e  index and phys ica l  dimensions and 
o p t i c a l  f i gu re  during exposure of ma te r i a l s  t o  
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pene t r a t ing  r ad ia t ion .  
use of interferometry t o  measure index of r e f r a c t i o n  
and dimensions during exposure. This i s  done with- 
out mechanical contact  of t h e  measuring system with 
t h e  sample t o  be measured. 

The method being used is  i l l u s t r a t e d  i n  Figure 
1. P l a t e s  A and B a r e  arranged as a Fabry-Perot 
interferometer .  The sample i s  i n s e r t e d  part-way 
between t h e  F-P p l a t e s  and i s  held p a r a l l e l  t o  them. 
By patch-work coat ing of t h e  sample four  d i f f e r e n t  
i n t e r f e rence  p a t t e r n s  a r e  obtained. The f i r s t  
p a t t e r n ,  formed by t h e  rays indexed (1) , i s  used t o  
determine t h e  interferometer  s acing, d ,  by conven- 
t i o n a l  Fabry-Perot procedureslg).  Rays ( 2 )  a r e  used 
t o  determine t h e  o p t i c a l  path length between t h e  
interferometer  p l a t e s  when t h e  rays pass through t h e  
sample. This length i s  d + (n - 1)t where n i s  t h e  
r e f r a c t i v e  index and t i s  t h e  thickness  of t h e  
sample. Rays (3) and (4)  a r e  used t o  determine 
r e spec t ive ly  t h e  d i s t ance  between t h e  upper i n t e r -  
ferometer p l a t e  and t h e  t o p  surface of t h e  sample, 
and between t h e  lower interferometer  p l a t e  and t h e  
bottom of t h e  sample. The d i f f e rence  between t h e  
d i s t ances  found from rays (3) and (4) and (l), when 
appropriate  co r rec t ions  a r e  made f o r  phase changes 
on r e f l e c t i o n  and f o r  thickness  of t h e  coat ings,  
gives  t h e  thickness  of t h e  sample, t .  

The essence of t h e  method is” 

To consider t h e  required measurements i n  a 
l i t t l e  more 
w r i t t e n  : 

Pll. = 

P2X = 

P3X = 

P X  = 4 

d e t a i l  t h e  following equations may be 

Where P1, P2,  P3, P4 a r e  t h e  experimentally found 
orders  of i n t e r f e rence  f o r  t h e  four  s e t s  of rays .  
X i s  wavelength. d i s  t h e  F-P interferometer  
spacing. i s  t h e  phase change on r e f l e c t i o n  a t  
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t h e  F-P p l a t e s ,  assumed t o  be t h e  same f o r  both 
p l a t e s .  n i s  r e f r a c t i v e  index and t i s  t h e  thick-  
ness of t h e  sample. L and L 2  a re  t h e  d is tances  
between t h e  Fabry-Perot p l a t e s  and t h e  neares t  sur- 
face of  t h e  sample. 6 3  and e 3  a r e  t h e  phase change 
on r e f l e c t i o n  and the thickness  of t h e  patch coa t ing  
i n  t h e  upper s i d e  of t h e  Sample and 6 4  and c 4  a r e  
t he  corresponding q u a n t i t i e s  on t h e  lower s ide .  

I f  equation (1) i s  subtracted from ( 2 )  one has  

p2h - P h = 2(n  - 1) t (5) 1 

The phase change drops out and t h e  l e f t  hand s i d e  
contains  only measurable q u a n t i t i e s .  I f  w e  sub- 
t r a c t  t h e  sum of ( 3 )  and (4) from (1) w e  have 

Since 

PIX - (P3X + P4X) = 2 t  - ( 6 3  + c3  + 6 4  + "4) (7) 

Once more t h e  l e f t  s ide  contains  measurable quanti-  
t i es .  However, t o  eva lua te  t h e  6 ' s  and e ' s  on t h e  
r i g h t  s ide  a separate  experiment i s  required.  For 
t h i s  f r inges  of equal  chromatic order  w i l l  be used 
a s  described by Bennett''). 
coated area for which 6 and c a re  t o  be determined 
w i l l  be p a r t i a l l y  overcoated with an opaque l aye r  of 
aluminum. The equal  chromatic order  f r inges  which 
a r e  formed by in te r fe rence  between r e f l ec t ed  l i g h t  
from t h e  double coated sur face  and a uniformly 
coated f l a t  comparison sur face  can be analyzed t o  
determine values f o r  both 6 and E of t h e  coated area 
f o r  which these  q u a n t i t i e s  a re  t o  be measured. 
In se r t ing  a l l  t h e  measured values i n  equation (7)  
y i e l d s  a value f o r  t .  Put t ing  t h i s  value of t i n  
equation (5) y i e l d s  a value of n. This process i s  
repeated f o r  a s  many wavelengths a s  necessary.  

The p r i n c i p a l  appl ica t ion  envisioned €or  t h i s  

I n  t h i s  method t h e  
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,..I method of measurement i s  i n  s i t u  measurement i n  
in t ense  pene t ra t ing  r ad ia t ion  f i e l d s .  For seve ra l  
reasons,  however, t h e  f i r s t  appl ica t ion  w i l l  be 
measurements a t  reduced temperatures.  For one thing, 
a new method always required "shaking down" and t h e  
ava i l ab le  r ad ia t ion  f a c i l i t i e s  a r e  so  heavi ly  loaded 
with work t h a t  t o  t ake  up f a c i l i t y  t i m e  f o r  shake- 
down operat ions i s  undesirable .  Another f a c t o r  i s  
t h a t  information about t h e  performance of some 
u l t r a v i o l e t  t r ansmi t t i ng  ma te r i a l s  a t  low tempera- 
t u r e s  has  not been published and such information 
has  been requested f o r  planning purposes on some 
space missions.  Also t h e  measurement of r e f r a c t i v e  
index and thermal expansion c o e f f i c i e n t  of some 
twenty o p t i c a l  g l a s ses  by Mo1byl7) and t h e  thermal 
expansion of some in f r a red  t r ansmi t t i ng  ma te r i a l s  by 
Browder, e t  a l l 8 )  provide a convenient means of com- 
par ing  r e s u l t s  obtained with t h e  new method with 
those obtained by o lde r  methods. 

c ryos t a t  i s  used which i s  provided with both elec-  
t r i c a l  h e a t e r s  and pumping tubes so  that temperature  
can be s t a b i l i z e d  a t  po in t s  both below and above t h e  
b o i l i n g  poin t  of helium a t  atmospheric pressure.  
The sample i s  at tached t o  t h e  l i q u i d  helium chamber 
by a massive OFHC copper block t o  which t h e  sample 
i s  a t tached  with indium so lder  t o  provide good 
thermal contac t .  The Fabry-Perot e t a lon ,  which 
c o n s i s t s  of fused s i l i c a  p l a t e s  separated by an 
invar  spacer r ing ,  i s  he ld  i n  pos i t i on  by t h i n  
s t a i n l e s s  s teel  strips with ad jus t ing  s c r e w s  so t h a t  
t h e  e t a l o n  p l a t e s  can be maintained p a r a l l e l  t o  the 
sur faces  of t h e  sample which i s  posi t ioned between 
t h e  two p l a t e s ,  a s  shown i n  Figure 1. The c ryos t a t  
h a s  two fused s i l i c a  windows through which observa- 
t i o n s  of t h e  f r inge  pa t t e rn  a r e  made. 

pump w i t h  a l a rge  l i q u i d  ni t rogen cooled t r a p  
between pump and c ryos t a t  followed by two room t e m -  
pera ture  r i g h t  angle bends and f i n a l l y  a r i g h t  angle 
bend a t  t h e  l i q u i d  ni t rogen s h i e l d  wal l  of t h e  cryo- 
s t a t .  Pumpout and b a c k f i l l  operat ions a r e  c a r e f u l l y  
managed t o  reduce t h e  l ike l ihood of contamination of 
t h e  c ryos t a t .  Monitor mir rors  a re  f requent ly  
i n s e r t e d  i n  place of t h e  interferometer  and a re  

For t h e  low temperature work a l i qu id  helium 

The c ryos t a t  i s  evacuated by a turbomolecular 
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measured f o r  contamination e f f e c t s  by the method 
recommended by Hass and N o  contamination 
has  been detected i n  t h r e e  months of operat ion.  

The in te r fe rometer  i s  i l luminated by an argon 
ion  laser, which provides f i v e  s t rong  l i n e s  i n  the 
range 476 nm t o  514 nm. On occasion when longer 
wavelength information i s  des i red  a helium-neon 
l a s e r  r a d i a t i n g  a t  1633 nm is  subs t i t u t ed .  The 
f r inge  p a t t e r n s  are photographed either with a view 
camera or with a Hi lger  constant  devia t ion  spectro- 
meter with camera attachment. To avoid confusion 
among t h e  seve ra l  i n t e r f e rence  pa t t e rns  t h a t  e x i s t  
due t o  t h e  var ious rays shown i n  Figure 1, an aper- 
t u r e  i s  used which l i m i t s  the area  of the in te r fe ro-  
m e t e r  which i s  recorded by t h e  camera t o  dimensions 
of the order  of 1 m m  x 3 mm f o r  any p a r t i c u l a r  
photograph. The chosen area  is  moved sequent ia l ly  
t o  obta in  p i c t u r e s  of t h e  f r inge  p a t t e r n  formed by 
rays (1) , t hen  rays (2), etc.  , a s  shown i n  Figure 1. 
A set of fou r  p i c tu re s ,  which can be taken  i n  an 
elapsed t i m e  of 5 t o  10 minutes, gives  t h e  necessary 
information f o r  determining t h e  r e f r a c t i v e  index a t  
s eve ra l  wavelengths and the mechanical th ickness  of 
t h e  sample f o r  a s p e c i f i c  temperature. The tempera- 
t u r e  of t h e  specimen i s  measured with a thermocouple 
embedded i n  the specimen but  ou ts ide  t h e  por t ion  
used f o r  o p t i c a l  measurements. A series of measure- 
ments with seve ra l  thermocouples simultaneously has  
shown t h a t  t h e  temperature measured a t  t h e  thermo- 
couple is  not  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  
where t h e  o p t i c a l  measurements a re  made. 

The apparatus  w h i c h  has  been described has  been 
completely assembled. prel iminary experiments have 
been run on temperature sensing,  on determination of 
phase changes on r e f l e c t i o n ,  on contamination and on 
photography of t h e  Fabry-Perot f r inges .  The f i r s t  
complete experiments t o  determine r e f r a c t i v e  index 
and l i n e a r  thermal expansion coe f f i c i en t  a t  tempera- 
t u r e s  between room temperature and l i q u i d  tempera- 
t u r e  w i l l  be done t h i s  month. Further  work w i l l  
include add i t iona l  ma te r i a l s  i n  a temperature range 
of i n t e r e s t  t o  space missions followed by a t r a n s f e r  
t o  a r a d i a t i o n  f a c i l i t y .  
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INTER FER0 M ETER 

INTERFEROMETER PLATE 

Figure 1. Schematic of Fabry-Perot I n t e r  fero- 
meter with Sample of Mater ia l  t o  be 
Measured Inser ted  
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